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Abstract: On the basis of our recent results, the N-terminal sequence of HIV-1 Tat protein as a natural
competitive inhibitor of dipeptidyl peptidase IV (DP IV) is supposed to interact directly with the active site
of DP IV hence mediating its immunosuppressive effects via specific DP IV interactions. Of special interest
is the finding that amino acid substitutions of the Tat(1–9) peptide (MDPVDPNIE) in position 5 with
S-isoleucine and in position 6 with S-leucine led to peptides with strongly reduced inhibitory activity
suggesting differences in the solution conformation of the three analogues. Therefore, 1H NMR techniques
in conjunction with molecular modelling have been used here to determine the solution structure of
Tat(1–9), I5-Tat(1–9) and L6-Tat(1–9) and to examine the influence of amino acid exchanges on structural
features of these peptides. The defined structures revealed differences in the conformations what might be
the reason for different interactions of these Tat(1–9) analogues with certain amino acids of the active site
of DP IV. © 1998 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Tat is a viral regulatory gene of the human im-
munodeficiency virus type 1 (HIV-1), the etiologic
agent of AIDS [1,2]. Tat is essential for viral replica-
tion since its protein is a potent transactivator of
the transcription of genes expressed from the HIV-1
long terminal repeat [3,4]. It has been shown that
Tat is released from HIV-1-infected cells into the
extracellular medium [5]. Extracellular Tat has the
ability to suppress antigen as well as anti-CD3-in-
duced activation and proliferation of human T cells
[6,7]. So far, no mechanism through which Tat may

mediate this immunosuppressive activity has been
proposed.

Dipeptidyl peptidase IV (DP IV) is a transmem-
brane serine protease and is highly expressed on T
cells, but also on activated NK cells and B
lymphocytes. DP IV has been shown to be identical
with the T cell activation antigen CD26 [8]. DP
IV/CD26 is involved in the degradation and post-
translational processing of bioactive peptides. Re-
cently, DP IV was proposed to be a co-receptor
needed for HIV-1 entry into cells what is controver-
sially discussed [8,9].

DP IV cleaves dipeptides of the sequence Xaa-Pro
or Xaa-Ala from the free unsubstituted N-terminus
of a peptide chain thus belonging to the group of
proline-specific proteases. Interestingly, HIV-1
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Tat(1–86) binds with high affinity to DP IV and
inhibits the cleavage of synthetic as well as of phys-
iological substrates suggesting the Tat immunosup-
pressive activity being mediated by DP IV [10,11]. In
a previous paper we could show that the N-terminal
sequence of Tat containing the motif Xaa-Xaa-Pro is
essential for DP IV inhibition and suppression of
mitogen-induced proliferation of human T cells [12].
Of special interest is our recent finding that amino
acid substitutions in positions 5 and 6 of the short
N-terminal nonapeptide Tat(1–9) led to peptide ana-
logues with strongly reduced inhibitory activity
compared to the parent peptide Tat(1–9) (for details
see [13]). Therefore, knowledge of molecular confor-
mation is indispensable in attempts to understand
the different inhibitory activity of these peptides. In
the present study, we have applied 1H NMR spec-
troscopy and restrained molecular dynamics calcu-
lations to define the conformations of Tat(1–9),
I5-Tat(1–9) and L6-Tat(1–9) in water solution and to
examine structural requirements of the N-terminal
part of Tat for the effects on DP IV activity and cell
proliferation. Comparison of the conformational fea-
tures and biological parameters within these pep-
tides should help to gain insight into struc-
ture–activity relationships of short N-terminal Tat
peptide sequences.

MATERIALS AND METHODS

Sample Preparation

The Tat(1–9) peptides were synthesized as previ-
ously reported [12]. The samples were prepared for
NMR experiments at :6 mM concentrations in wa-
ter (90% H2O/10% D2O).

NMR Experiments

NMR spectra were recorded on Bruker ARX500 and
Varian UNITY 500 spectrometers equipped with As-
pect station (Bruker) and SUN SPARC station IPX
(Varian) computers, respectively. All 1H spectra
were measured at 303 K. Chemical shifts were cali-
brated with respect to d4-TSPA [3-(trimethylsilyl)-
3,3,2,2-tetradeuteropropionic acid Na salt]. Water
suppression was achieved using presaturation dur-
ing relaxation delay. The signal dispersion was such
that coupling constants could be measured from
the one-dimensional spectra. The dihedral angles
between NH and aH were calculated from the corre-
sponding vicinal coupling constants by the modified
Karplus equation (1): J(u)=A cos2 u−B cos u+C

using A, B and C values of 6.4, 1.4 and 1.9, respec-
tively [14]. The spectra for the determination of the
temperature coefficients were recorded at 303–323
K in steps of 2 K. Standard methods were used to
perform the two-dimensional experiments, pulse
programs being taken from the Bruker and Varian
software libraries. Resonance assignments were
made by analysis of the COSY [15], TOCSY [16], and
ROESY [17] spectra. The TOCSY and ROESY spec-
tra were recorded in the phase sensitive mode [18]
using the TPPI [19] or States–Haberkorn–Ruben
methods [20]. The TOCSY experiment employed the
MLEV-17 sequence [21] for the spin-lock (mixing
time, tm=80 ms). For both TOCSY and ROESY, 512
FIDs of 2 K data points, 24 scans each, were
aquired. In both dimensions, the data were pro-
cessed using p/2 shifted squared sinebell weighting
functions. Zerofilling to 2 K was applied in v1.

For the ROESY spectra, a mixing time of 300 ms
was used and 2.4 kHz power. NOE build-up curves
are unnecessary for the calculation of distance re-
straints because the size of the molecules allowed
us to assume that the peptides are within the mo-
tional narrowing limit (vtcB1) and that they rotate
as rigid isotropic rotors [22]. The ROESY data of the
Tat peptides were processed on a Silicon Graphics
workstation and ROE cross-peak intensities were
measured both using the TRIAD software package
included in SYBYL 6.3 [23] and were classified
strong, medium and weak, corresponding to inter-
proton distances of 1.8–2.5, 1.8–3.3 and 1.8–4.0 Å,
respectively.

Structure Calculations

Three-dimensional structures were generated by
use of the molecular modelling program SYBYL 6.3
[23] on a Silicon Graphics workstation. The calcula-
tions were performed using the AMBER 4.1 force
field [24,25]. In all cases, the N-terminus of the
peptides was positively and the C-terminus nega-
tively charged. The compounds were constructed in
an extended conformation, all amide bonds were
assumed to be trans. In the first step, the manually
built nonapeptides were solvated by water using a
precomputed water box of 1400 solvent molecules
on average (TIP3P water model) and were then min-
imized to a convergence of energy gradient less than
0.0005 kcal/mol×Å. A distance independent dielec-
tric constant of o=1 was used.

For the determination of the solution conforma-
tions, all interresidue ROEs obtained from two-di-
mensional ROESY spectra were included as
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distance restraints for molecular dynamics simula-
tions in water and were applied with a force con-
stant of 32 kcal/Å. The residue-based cutoff
distance for nonbonded interactions was set to 10
Å. The restrained molecular dynamics simulations
in solution were carried out at 300 K over a period
of 800 ps by using periodic boundary conditions for
the decision of the stability of the solution
conformations.

The frequency of all dihedral angles particularly
the dihedral angle f of all amino acid residues was
analysed and compared with the experimental re-
sults based on Karplus equations. Those conforma-
tions with the highest average frequency in the
simulation time that agreed with the dihedral an-
gles f derived from Karplus equations were used to
generate solution conformations which were subse-
quently energy minimized. The stability of the solu-
tion conformations was proved by final dynamics
simulations at 300 K over 800 ps without NMR
restraints.

RESULTS

1H NMR Shift Assignments

The one-dimensional 1H NMR spectra of the three
peptides in water show good signal dispersion. 1H
chemical shifts were assigned using COSY and
TOCSY two-dimensional spectra to identify residue
types from their side chain connectivities and
ROESY experiments to obtain sequential assign-
ments. Chemical shifts are listed in Table 1.

aH shifts for peptides and proteins are highly
sensitive to structural effects [26,27] tending to oc-
cur downfield of random coil values for residues
involved in b strand or extended secondary struc-
ture or upfield in regions of a helix. aH shifts for
each residue of Tat(1–9), I5-Tat(1–9) and L6-Tat(1–
9) were found to be close to their random coil values
[27,28]. The deviations from random coil chemical
shifts for the three peptides in water are illustrated
in Figure 1. The large deviations of the first residues
are due to the inductive effect of the N-terminal
amino groups. Significant downfield shifts were ob-
served for Asp2 aH and Asp5 aH in Tat(1–9) and for
Asp2 aH and Ile5 aH in I5-Tat(1–9), which were
likely to be due to the adjacent prolines in the
sequence. Proline residues frequently give rise to an
aH shift deviation of the preceding residue [29]. The
downfield shift observed for Ile8 aH in each of the
three analogues may be due to a predisposition for

local structuring at this site of the molecules. Alto-
gether, from these results it appears that all three
peptides are relatively flexible, and a range of con-
formations are likely to exist in equilibrium with
each other.

3JaH-NH Coupling Constants

3JaH-NH coupling constants were measured from
one-dimensional spectra and are included in Table
2. These showed averaged values pointing to a de-
gree of conformational flexibility about the back-
bone of the three peptides. In general, preferences
for helical or extended conformations are indicated
by low (B4 Hz) or high (\9 Hz) values, respec-
tively, while conformational flexibility, common in
small peptides, results in averaged values of 6–7
Hz. However, Dyson and Wright [30] have noted
that coupling constants are often equivocal mea-
sures of folded conformations and that conforma-
tionally averaged values of 6–7 Hz can occur even if
significant populations of folded forms are present.
Therefore, observed values outside this range are
significant, and the values between 7.1 and 7.6 Hz
for Val4, Asp5, Asn7 and Glu9 in Tat(1–9) and L6-
Tat(1–9) and for Val4 and Glu9 in I5-Tat(1–9) are
consistent with the presence of some structural
preference at these residues. Particularly, those val-
ues between 8.0 and 8.4 Hz measured for Ile8 in
Tat(1–9) and L6-Tat(1–9) as well as for both Ile5 and
Ile8 in I5-Tat(1–9) may possess some propensity to
form a turn or a turn-like structure.

Temperature Dependence; Amide Exchange

Changes of the NH resonances with temperature
are related to their ability to participate in intra- or
intermolecular hydrogen bonds [31,32]. Generally,
temperature gradients exceeding 4 ppb/K are con-
sidered to be evidence for an external NH orienta-
tion, while values smaller than 2 ppb/K are
indicative for intramolecular hydrogen bonding
[33,34]. The temperature coefficients −Dd/DT of the
amide proton chemical shifts are presented in Table
2. The amide NHs of Asn7 (NaH, NdHA, NdHB) and Ile8

in Tat(1–9) and L6-Tat(1–9) and the amide protons
of Asn7 (NdHA, NdHB) in I5-Tat(1–9) are relatively
unaffected by changing temperature and are, there-
fore, likely involved in intramolecular hydrogen
bonding or shielded from the surrounding solvent.
All other NH proton shifts exhibit values consistent
with a more external orientation.

Interestingly, upon dissolving the three analogues
in purely D2O at 280 K, some differentiation of NH
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Table 1 1H NMR Chemical Shifts Given in ppm of Tat(1–9), I5-Tat(1–9) and
L6-Tat(1–9) in 90% H2O/10% D2O at 303 K

OthersResidue NH aH bH

Tat(1–9)
Metl gCH2 2.60 oCH3 2.10— 4.12 2.16
Asp2 8.94 —4.97 2.89, 2.64
Pro3a — 4.44 2.27, 2.03 gCH2 2.03 dCH2 3.84, 3.75
Val4 8.16 4.03 2.04 gCH3 0.94, 0.91
Asp5 8.45 —4.97 2.95, 2.71
Pro6 — gCH2 2.03, 1.98 dCH2 3.844.44 2.27, 1.98
Asn7 8.32 dNH2 7.66, 6.96—b 2.83, 2.74
Ile8 7.87 4.20 1.91 gCH2 1.44, 1.18 gCH3 0.90 dCH3 0.87
Glu9 8.22 4.32 2.16, 1.97 gCH2 2 44

I5-Tat(1–9)
Met1 gCH2 2.60 oCH3 2.11— 4.12 2.16
Asp2 8.95 —4.99 2.91, 2.65
Pro3 — 4.44 2.28, 1.89 gCH2 2.03 dCH2 3.85, 3.73
Val4 8.24 4.03 1.98 gCH3 0.95, 0.86
Ile5 8.32 gCH2 1.51, 1.18 gCH3 0.95 dCH3 0.864.51 1.89
Pro6 gCH2 2.03 dCH2 3.90, 3.73— 4.38 2.28, 1.89
Asn7 8.49 dNH2 7.61, 6.91—c 2.82, 2.75
Ile8 8.10 4.21 1.89 gCH2 1.44, 1.18 gCH3 0.92 dCH3 0.86
Glu9 8.32 4.33 2.16, 1.98 gCH2 2.44

L6-Tat(1–9)
Met1 gCH2 2.59 oCH3 2.10— 4.12 2.18
Asp2 8.98 ——c 2.96, 2.73
Pro3 — 4.44 2.29, 1.95 gCH2 2.04 dCH2 3.86, 3.76
Val4 8.11 4.05 2.04 gCH3 0.93
Asp5 8.46 ——c 2.96, 2.81

gCH 1.60 dCH3 0.91, 0.86Leu6 8.29 4.31 1.60
Asn7 8.40 —c 2.84, 2.73 dNH2 7.58, 6.90
Ile8 7.95 gCH2 1 44, 1.16 gCH3 0.93 dCH3 0.864.19 1.89

gCH2 2.47Glu9 8.34 4.40 2.18, 2.04

a Pro3 was identified analogous to Pro3 in L6-Tat(1–9) and could hence be differentiated from
Pro6 in Tat(1–9).
b Buried under the H2O signal at 4.81 ppm.
c Buried under the H2O signal at 4.82 ppm.

exchange was observed. NH signals for all but the
N-terminal Metl, the Asp2 as well as the Asn7 (NdH2)
residues remained visible for over 90 min. After 180
min only NH signals of Ile8, and particularly Val4,
were observed in the case of both Tat(1–9) and
L6-Tat(1–9) and NH signals of Val4, Ile5 and Ile8

were observed in the case of the I5 analogue. This
relatively slow exchange is highly significant for
such small peptides, indicating protection of the NH
from interactions with the solvent, most likely due
to intramolecular hydrogen bond formation with
nearby main chain or side chain carbonyls. The
existence of some structural preference at these
positions is, therefore, supported, although a degree

of averaging is present as the NMR data do not fit
precisely with any single turn type. The results for
Asp2, Asp5, Ile8 and Glu9 of Tat(1–9) and L6-Tat(1–
9) and for Asp2, Asn7 (NaH) and Glu9 of I5-Tat(1–9)
are in agreement with the implication of the ob-
served dependences of their chemical shifts on tem-
perature. The amide NHs of Val4 of all three
peptides and the Ile5 NH and Ile8 NH of I5-Tat(1–9)
had large temperature dependences but slow ex-
changes. There are many cases where the implica-
tions of the temperature dependence of a peptide
NH shift are not in agreement with deuterium ex-
change studies [35] and it may be that in the
present work these amide protons, although inter-
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Figure 1 Deviation of aH chemical shifts of Tat(1–9),
I5-Tat(1–9) and L6-Tat(1–9) from their random coil values.
These values are generally 90.10 ppm about the random
coil chemical shifts presented by Wüthrich [27]. For Ile,
Leu, and Val the random coil chemical shift values were
reduced by about 0.20 ppm over those quoted by
Wüthrich which was originally done by Wishart [26] in
order to improve the accuracy and general applicability of
these values. Asn7 aH of all three peptides and Asp2/Asp5

aH of L6-Tat(1–9) were buried under the H2O signal.

nally buried, are only weakly hydrogen bonded, if at
all. Furthermore, the amide NHs of Asn7 (NaH) of
both Tat(1–9) and L6 analogues and Asn7 NdHA/
NdHB of all three peptides had relatively small tem-
perature coefficients but exchanged rapidly. The
temperature coefficients of these residues may be
lowered through interaction of the amide protons
with charged carboxyl side chains of neighbouring
residues rather than through the formation of a
hydrogen bond stabilized conformation [30].

ROESY Experiments

To estimate internuclear proton–proton distances,
two-dimensional ROESY (rotating frame NOE spec-
troscopy (NOESY)) spectra of the three peptides
were obtained. The ROESY method was used in-
stead of NOESY to avoid the problem that the cross
relaxation rate is near zero for small molecules such
as peptides [17,36]. None of the three peptides
showed ROEs between adjacent aH protons as evi-
dence for the existence of a cis peptide bond, and no
chemical exchange cross peaks were observed in
the TOCSY and ROESY spectra. These results indi-
cated that the average preferred solution conforma-
tion of the three peptides is characterized by
all-trans peptide bonds. The existence of trans
amide bonds between Asp2-Pro3 and Asp5/Ile5-Pro6

was additionally confirmed by ROEs between Asp2

aH and Pro3 dH2 in all three analogues and ROEs
between Asp5 aH/Ile5 aH and Pro6 dH2 in both
Tat(1–9) and I5-Tat(1–9). Altogether, a large num-
ber of intraresidue ROEs were obtained, about 39
for Tat(1–9), 56 for I5-Tat(1–9) and 47 for L6-Tat(1–
9). Invaluable information on the structure of pep-
tides is provided by interresidue ROEs. A summary
of all interresidue ROE connectivities observed for
the three peptides is given in Table 3. For all ana-
logues, the observation of strong daN(i, i+1) ROE
connectivities in the absence of observable dNN(i,
i+1) ROEs indicates that a substantial population
of the conformational ensemble of each peptide ex-
ists in ‘random coil’ or extended forms [30,37]. In
unfolded peptides the daN(i, i ) connectivity is very
much weaker than the sequential daN(i, i+1) con-
nectivity [38]. This is in agreement with the NMR
data obtained by us (see Table 3 and Figure 2).
daN(i, i+1) ROEs between Asn7 aH and Ile8 NH were
not observed in all three cases. However, for the I5

and L6 analogues weak ROEs were observed be-
tween Asn7 NH and Ile8 NH in both peptides and
between Ile8 NH and Glu9 NH in I5-Tat(1–9) what
might be a slight indication for some structural
restraint in the C-terminal region of both peptides.
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Table 2 Temperature Dependence of the NH Chemical Shifts Given as −Dd/DT (ppb/K), 3JaH-NH Coupling
Constants (Hz), Corresponding Torsion Angles f (°) and Torsion Angles Observed in the Model Structure of
Tat(1–9), I5-Tat(1–9) and L6-Tat(1–9). For Clarity, only the Karplus Angles Closest to the Observed Angles f

are Shown

Metl Asp2 Glu9Pro3 Val4 Xaa5 Yaa6 Asn7 Ile8

Tat(1–9) −dD/DT — 6.77 — 7.608.15 8.72 — 4.65 Na 5.09
Xaa5=Asp 5.47, 5.12 Nd

Yaa6=Pro 3JaH-NH — 6.6 — 7.67.6 7.3 — 7.5 8.0
fKarplus — −79 −88— −153 −84 — −153 −149
f — −70 −54 −86−142 −66 −75 −138 −151
c 163 —163 167 167 146 179 42 165
xl 60 −55 −27 −168−62 55 30 −63 56
x2 175 — 36 −78— — −35 −103 168
x3 −174 — −31 —— — 29 — —

I5-Tat(1–9) −dD/DT — 7.05 7.74— 8.56 10.34 — 7.88 Na 7.57
Xaa5=Ile 5.45, 4.76 Nd

Yaa6=Pro 3JaH-NH — 6.5 7.6— 7.6 8.4 — 7.0 8.0
fKarplus — −161 — −153−87 −145 — −82 −149
f — −139 −75 −79 −139 −58 −64 −133 −138
c 131 100 171 —94 163 166 136 116
x1 −66 −179 −15331 −179 57 −24 176 −61
x2 −178 — −35 71— — 35 −116 176
x3 180 — 26 — — −33 — — —

L6-Tat(1–9) −dD/DT — 7.17 — 7.367.73 6.79 8.51 5.58 Na 5.77
Xaa5=Asp 5.81, 4.80 Nd

Yaa6=Leu 3JaH-NH — 6.7 — 7.1 7.6 7.0 7.6 8.1 7.5
fKarplus — −80 — −87−83 −87 −82 −152 −149

−68f — −58 −77 −72 −69 −75 −144 −138
c 147 153 164 —166 −20 162 155 171
xl −170 58 6232 −68 −58 −73 −179 43
x2 176 — −36 −175— — 72 −113 62
x3 176 — 28 — —— — — —

DISCUSSION

In this study we present the determination of the
structure in solution of the N-terminal peptide se-
quences Tat(1–9), I5-Tat(1–9) and L6-Tat(1–9) of
HIV-1 Tat protein. Although the difference of se-
quence between these three peptides was only one
amino acid residue, they exhibited substantial dif-
ferent inhibitory DP IV activity [13]. By performing
the NMR experiments in H2O solutions we have
been able to resolve and assign all of the peptide
amide NH protons and most of the side chain pro-
tons. To determine the structures in solution, the
proton–proton distances obtained by NMR were
used as restraints in energy minimization and
molecular dynamics calculations (see MATERIALS
AND METHODS). Details of the structure calcula-
tions will be the subject of a separate report.

The initial structures of the three nonapeptides
derived from model building were solvated by water
and then subjected to conformational energy mini-
mization, followed by molecular dynamics in the
presence of distance restraints listed in Table 3.
Only structurally significant interresidue distances
were used, while intraresidue distances were omit-
ted. These calculations were performed using the
AMBER 4.1. force field [24,25] with explicit inclu-
sion of solvent molecules. The solution conforma-
tions of Tat(1–9), I5-Tat(1–9) and L6-Tat(1–9) were
derived by taking into account dihedral angles f

estimated from the 3JaH-NH coupling constants and
corresponding Karplus equations and by consider-
ing their frequency of occurrence in the molecular
dynamics simulations. The torsion angles f that
occurred with the highest frequency are in close
agreement with the experimentally determined val-

© 1998 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 4: 400–410 (1998)
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Table 3 Observed daN(i, i ) and Sequential ROE Cross-Peaks in ROESY Spectra and Calculated Interproton
Distances (Å) Obtained from Computer-Generated Structures

Involved protons Tat(1–9) I5-Tat(1–9) L6-Tat(1–9)
Xaa5=Asp, Yaa6=Pro Xaa5=Ile, Yaa6=Pro Xaa5=Asp, Yaa6=Leu

r (H, H)r (H, H) Cross-peakCross-peak r (H, H)Cross-peak
intensitiesa (calculated)intensities(calculated) (calculated) intensities

2.23s 2.15 sMet1-CaH Asp2-NH s 2.37
— m 3.34 wMet1-CbH Asp2-NH — 3.86

———4.23 —wMet1-CgH Asp2-NH
— 2.95— wAsp2-NH Asp2-CaH — —
— — — —Asp2-CaH Pro3-CdH2 s 2.45

— m 2.60 sAsp2-CaH Pro3-CdHA — 2.38
2.20m— s 2.49—Asp2-CaH Pro3-CdHB

w 4.45 — —Asp2-CbHA Pro3-CdHB — —
2.35s2.45s2.40sPro3-CaH Val4-NH

m 2.92 m 2.90Val4-NH Val4-CaH m 3.01
s 2.20 s 2.40Val4-CaH Xaa5-NH s 2.42

2.34 — — wVal4-CbH Xaa5-NH w 2.40
w 4.324.16 ——wVal4-CgH3 Xaa5-NH

— — — —Xaa5-NH Xaa5-CaH m 2.90
— — — —Xaa5-CaH Yaa6-CdH2 s 2.21

— m 2.30 —Xaa5-CaH Yaa6-CdHA — —
2.94m— — ——Xaa5-CaH Yaa6-CdHB

— — w 3.50Xaa5-CaH Yaa6-NH — —
2.90m————Yaa6-NH Yaa6-CaH

s 2.41 s 2.37Yaa6-CaH Asn7-NaH s 2.36
m 2.78 m 3.06Yaa6-CbH2 Asn7-NaH — —

— — — wYaa6-CgH Asn7-NaH — 3.87
4.48w— w 4.37—Asn7-NaH Ile8-NH

m 3.00 m 2.96 m 2.94lle8-NH Ile8-CaH
——4.07w——Ile8-NH Glu9-NH

2.39 s 2.15 sIle8-CaH Glu9-NH s 2.46
— w 4.37 —Ile8-CbH Glu9-NH — —

— w 4.07—4.25wIle8-CgH3 Glu9-NH
m 3.00 m 2.97 m 2.86Glu9-NH Glu9-CaH

a s, strong; m, medium; w, weak.

ues of f (Table 2). On the basis of the performed
molecular dynamics simulations the frequency of
the interaction of each amide proton with the sol-
vent water as well as the frequency to form in-
tramolecular hydrogen bonds were analysed.
According to the experimental results the protons
exhibiting large temperature coefficients and fast
H,D exchange showed the highest frequencies in
forming external hydrogen bonds to the solvent. The
energetically optimized solution conformations of
the three Tat derivatives which best fit the NMR
data such as ROEs, torsion angles f, temperature
coefficients of the amide proton chemical shifts and
H,D exchange experiments are presented in Figure
3. Table 3 lists the interhydrogen distances ob-

tained from the model of the solution conforma-
tions and shows good correlation with the dis-
tances calculated from the ROE data. The only ex-
ception is the experimentally obtained weak ROE
between Val4 bH and Asp5 NH in both Tat(1–9) and
L6-Tat(1–9) although the calculated distances indi-
cate strong ROEs. In an attempt to change the
starting conformations for a weak ROE between
these protons, after rotation of x1 a strong ROE
between Val4 gH and Asp5 NH was obtained result-
ing in energetically unfavourable conformations
that were not subjected to further investigation.

The substitution of the Pro6 amino acid residue in
Tat(1–9) with Leu6 produced some conformational
changes in the backbone conformation in solution
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particularly affecting torsion angles f at Val4 and c

observed at Asp5 and Asn7 (Table 2, Figure 3). Thus,
the strong ROE between Asp5 aH and Pro6 dH2 in
the native Tat(1–9) pointed to a torsion angle c at
Asp5 of about 160° whereas in L6-Tat(1–9) a weak
ROE between Asp5 aH and Leu6 NH was obtained
yielding c= −20° at Asp5. The change of c at Asn7

in Tat(1–9) of about 42 to 155° in L6-Tat(1–9) was
confirmed by an additional ROE observed between
Asn7 NH and Ile8 NH in the L6 derivative.

The replacement of the Asp5 amino acid residue
in Tat(1–9) with Ile5 led to a solution conformation
that revealed even more pronounced differences in
the backbone conformation. This conformation con-
siderably differed in the f angles at Asp2, Val4, Ile5,
Asn7, Glu9 and in the c angles at Asp2, Val4, Asn7

and Ile8 (see Table 2) compared with both Tat(1–9)
and L6-Tat(1–9). These changed torsion angles were
compatible with the experimental results. Thus, a
number of ROEs observed in both Tat(1–9) and
L6-Tat(1–9) were weakened or not observed at all
whereas additional ROEs occurred in the I5 ana-
logue (Table 3).

In contrast to the parent peptide Tat(1–9), the
amino acid residues Met1 to Val4 adopt an extended
structure in both I5- and L6-Tat(1–9) (see Figure 3).

To investigate the question of binding properties
of the three nonapeptides to DP IV the developed
solution conformations of Tat(1–9), I5-Tat(1–9) and
L6-Tat(1–9) were docked into the previously de-
scribed model of the active site of DP IV [39]. Al-
though no experimental indications exist the
modelling studies suggest that the docking confor-
mations of the Tat peptides to DP IV are similar to
their solution conformations except small confor-
mational alterations. While these studies the three
peptides exhibited a very different docking be-
haviour. Thus, the native Tat(1–9) fits well into the
binding pocket of the DP IV and forms several sig-
nificant hydrophobic interactions as well as inter-
molecular hydrogen bonds with the amino acids of
the enzyme active site hence explaining the high
affinity and inhibitory activity of Tat(1–9) to DP IV
(details will be published elsewhere). In contrast to
Tat(1–9) important hydrophobic interactions of the
amino acid residues of both I5- and L6-Tat(1–9) with
the active site model of DP IV are weakened or
completely removed likely due to their different
backbone conformation what might be the reason
for the relatively low inhibitory activity of the I5 and
L6 analogues.

Taking into account that in an induced fit mecha-
nism the L6-Tat(1–9) derivative may adopt a confor-
mation similar to that of Tat(1–9) solution
conformation, Pro6 was substituted with Leu. An
energy optimization of this structure forces L6-
Tat(1–9) considerably out of the binding pocket
leading to a conformation of the ligand where sev-
eral interactions with the enzyme active site were
weakened.

GENERAL CONSIDERATIONS

Combined use of NMR experiments and restrained
molecular dynamics simulations provided sufficient
information to define the solution conformations of
three N-terminal nonapeptide sequences of HIV-1
Tat protein. They were all found to exist in predom-
inantly flexible structures in water, with some indi-
cation of structural restraint at Val4 and Ile8 in
Tat(1–9) and L6-Tat(1–9) and at Val4, Ile5 and Ile8 in
I5-Tat(1–9). However, no evidence for well defined
secondary structure was present in all three cases.
Klostermeier et al. [40] recently showed by NMR, CD
and fluorescence spectroscopy that the whole N-ter-
minal domain exhibits high flexibility in conforma-
tional studies of HIV-1 Tat protein (wild type and
mutant) and of HIV-1 Tat peptide fragments. This

Figure 2 Portion of the two-dimensional 500-MHz 1H
NMR ROESY spectrum (300 ms mixing time) of I5-Tat(1–9)
as an example illustrating daN(i, i ) and sequential connec-
tivities.
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Figure 3 Stereoview of the solution conformations of (a) Tat(1–9), (b) I5-Tat(1–9) and (c) L6-Tat(1–9).

correlates with our results on the structure of N-ter-
minal sequences of HIV-1 Tat protein. The confor-
mational differences of Tat(1–9) peptide sequences
caused by amino acid substitutions in positions 5
and 6 and the nature as well as the arrangement of
the side chains per se at these positions preventing
effective binding to DP IV might both plausibly ex-
plain the lack of their inhibitory activity on DP IV
compared with the wild type peptide. The results
from this conformational analysis will aid us in
disclosing the reason for the relatively high in-
hibitory activity of Tat(1–9), and possibly lead to
rational designs of compounds possessing higher
activity.
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